We present a simple effective field theory formulation of a general family of single-field flux monodromy models for which strong coupling effects at large field values can flatten the potential and activate higher-derivative operators. Both of these effects can suppress the tensor amplitude. These models are radiatively and nonperturbatively stable and can sustain ≳60 e folds of inflation. The dynamics combines features of both large-field chaotic inflation and k inflation. Reducing the tensor-scalar ratio below the observational bound r ≲ 0.1 while keeping the scalar spectral index n s within experimental bounds either yields equilateral non-Gaussianity f eq NL ≃ Oð1Þ, close to the current observational bounds, or gives very small r. Models of inflation with super-Planckian inflaton ranges can be remarkably simple and predictive [1,2]. They give the largest possible primordial tensor fluctuations, potentially detectable by CMB polarization experiments. However, control over the relevant ≥ m Pl field range requires additional model-building input. A promising control mechanism is monodromy [3][4][5][6]. In recent work, two of us proposed that generic monodromy inflation models have a simple field theory formulation based on a massive 4-form gauge theory [7] (see also Refs. [8, 9] ). The gauge symmetries-a compact Uð1Þ symmetry for the 4-form and a discrete phase space gauge symmetry for the dual scalar-protect slow-roll inflation from both perturbative and nonperturbative corrections.
Models of inflation with super-Planckian inflaton ranges can be remarkably simple and predictive [1,2]. They give the largest possible primordial tensor fluctuations, potentially detectable by CMB polarization experiments. However, control over the relevant ≥ m Pl field range requires additional model-building input. A promising control mechanism is monodromy [3] [4] [5] [6] . In recent work, two of us proposed that generic monodromy inflation models have a simple field theory formulation based on a massive 4-form gauge theory [7] (see also Refs. [8, 9] ). The gauge symmetries-a compact Uð1Þ symmetry for the 4-form and a discrete phase space gauge symmetry for the dual scalar-protect slow-roll inflation from both perturbative and nonperturbative corrections.
The gauge field mass m is a dimensionful coupling which controls the theory below the cutoff M. It appears in the combination mϕ, with ϕ as the inflaton field, so we take [ðmϕÞ=M 2 ] as a dimensionless coupling up to factors of 2 and π. A weakly coupled theory produces a canonical kinetic term and quadratic potential [5] [6] [7] 10] , predicting a tensor-to-scalar ratio r ∼ 0.16, ruled out by the current upper bound r ≲ 0.1. In this Letter we discuss the strong coupling regime of the EFT [7] , using naive dimensional analysis (NDA) [11, 12] to write down the most general gauge-invariant, ghost-free EFT for energies below the cutoff scale M. Factors of 4π open up an interval of strong coupling below the cutoff M, with irrelevant operators comparable to marginal and relevant couplings, while slow roll remains protected from UV physics.
Strong coupling provides at least two significant effects: nontrivial "flattened" potentials as seen in string theory constructions [3, 4, 13, 14] , and higher-derivative terms such as those in k inflation [15, 16] . We identify two dynamically and observationally distinct slow-roll inflationary phases. In one phase, the higher-derivative terms are dynamically suppressed, and inflation is the standard potential-driven slow roll. Either flattening provides a reduction of tensor power while increasing the spectral index n s , or the potential plateaus out [17, 18] , in which case n s remains close to the observed value, but r is at most at the edge of detectability and the field range is at most Oðm Pl Þ. In the other phase, the higher-derivative terms are important, suppress the tensor power, and enhance "equilateral" non-Gaussianity to f eq NL ≃ Oð1Þ, close to the current observational bounds. In this class, bounds on f eq NL imply a lower limit on r. Which phase dominates in a given model, and how a transition from one to another can occur, is a matter for future work. Here we will study the phases separately and explore the parameter ranges consistent with observations and naturalness.
The low-energy EFTof Ref.
[7] is the most general massive Abelian 3-form gauge theory, including all the irrelevant operators allowed by gauge symmetry. The action is (using the equations of motion to eliminate terms with ∂ k F factors), where A is the gauge field 3-form,
is a 2-form Stückelberg gauge field with field strength h ¼ db, and m plays the role of both the gauge field mass and the Stückelberg mode coupling. By gauge symmetry and the Goldstone boson equivalence theorem (GBET), any power of A not covered by a derivative must be multiplied by the same power of m [7] .
To best study inflationary dynamics, we will work in the dual frame in which the longitudinal mode of F is replaced by a compact scalar: schematically, F ∼ ϵðmϕ þ QÞ, mA ∼ ϵ∂ϕ [7] . Here Q ¼ Nq, where q is the fundamental 4-form charge, N ∈ Z, and ϕ ≡ ϕ þ f, where mf ¼ q [6]. We will use the NDA framework to provide a more refined description of the dimensionless coefficients in Eq. (1): there are crucial factors of 1=4π ensuring that the EFT including loop corrections below the cutoff M is natural [11, 12] . Such factors will give us a substantial inflaton range at strong coupling. The rules are as follows: (1) difference between the strong coupling scale and the cutoff is extremely important, since it prolongs the validity of EFT after the onset of strong coupling. This is particularly vivid when one considers high-dimension operators whose normalizations involve large powers of 1= ffiffiffiffiffi ffi 4π p which can be much smaller than unity. The resulting effective Lagrangian, valid to the scale M, is
where c n ∼ Oð1Þ by naturalness of the strong coupling expansion, absent additional symmetries. [Again, we remove ∂ k ϕ terms via the equations of motion. The c n 's depend on mϕ þ Q through the RG logs. At large n, they may grow as ∼n! by proliferation of graphs with fixed external lines, such that Eq. (2) is not an analytic function for all values of ϕ, X.] Next, we define the inflaton as φ ¼ ϕ þ Q=m. Since Q ¼ 2πNq with N ∈ Z, φ can vary over a range ≫ m Pl , while all fundamental parameters including f are below m Pl . The action (2) can then be formally written as
where X ≡ −ð∂ μ φÞ 2 , and K, V eff should be understood as asymptotic series, well approximated by finitely many terms. This is precisely the form of the action of the k-inflation model of Refs. [15, 16] , with φ and X normalized by [ð4πmÞ=M 2 ] and [ð16π 2 Þ=M 4 ], respectively. It is the natural EFT for single-field monodromy inflation. Equation (3) supports two distinct phases. In the first, the terms nonlinear in X are dynamically suppressed, while the third term can sum to a flattened potential supporting standard potential-driven slow roll. The effective action for φ is
where Z eff and V eff are dimensionless functions (in weak coupling, such actions were considered in Refs. [19] [20] [21] ). In the weak coupling regime mφ < M 2 =4π, V eff is a power series in [ð4πmφÞ=M 2 ] and reduces to a quadratic potential with small corrections discussed in Refs. [5, 10, 22] . The kinetic corrections are also small, reproducing the classic scenario in Ref. [1] . If the last 60 e folds of inflation occur in this regime, the tensor-scalar ratio r ≃ 0.16 is in conflict with observations [23] .
Observations thus force our model to reside at strong coupling M 2 =4π < mφ during the epoch at which the observed CMB fluctuations are generated. The effective theory remains valid at least to mφ < M 2 , leaving a window in which strongly coupled inflation can occur without exciting UV d.o.f. In this regime, the potential can leave the quadratic regime and flatten out [3, 4, 13, 14] . The precise form of flattening will be determined by the UV completion, which fixes the forms of Z eff and V eff . Note that the slow-roll parameters
are small so long as ½ð4πmm Pl Þ=M 2 ≪ 1: slow roll is compatible with strong coupling for super-Planckian excursions of φ. The standard slow-roll equations of motion give 16π 2 X=M 4 ∼ OðϵÞ, so that this phase is self-consistent; we can approximate K by the linear term.
One variant of flattening is induced by wave function renormalization of the inflaton. For example, if the potential for ϕ is quadratic, then the canonically normalized
-roll inflation, generic V eff and Z eff can be approximated by power laws which get flattened by wave function renormalization. When the strong coupling regime can be approximated by power laws, then
Inflation proceeds from strong coupling to weak coupling; the exact duration of the weak coupling regime is controlled by m, but is shorter than 50 e folds if m obeys Eq. (6). This guarantees that the observable CMB anisotropies were generated during the strong coupling regime, such that r ≲ 0.1. However, since the spectral index for the potential V eff ∼ χ p is n s ¼ 1 − ½ðp þ 2Þ=ð2N Þ at N e folds before the end of inflation, in this regime p cannot be arbitrarily small in order to fit the observations of n s ≃ 0.96 for 50 ≲ N ≲ 60.
A more extreme reduction of r can occur if in the approximation of the potential V eff there are cancellations which cause the potential at large ϕ to reach a plateau. This may happen in strongly coupled regimes with many particles, as in the concrete example of Ref. [17] relevant for monodromy models. In that example, V eff ∼ ð1 − f1=½1 þ ð4πcmφ=M 2 Þ p gÞ, c ¼ Oð1Þ. Fitting to data implies ½M 2 =ð4πcmÞ ≲ Oð1Þm Pl [18] . Demanding n s ∼ 0.96 yields a small tensor-to-scalar ratio, r ∼ few × 10 −4 [17] . The field variation during inflation is also small, δφ ≲ Oð1Þm Pl . Such models appear perfectly consistent with observations, although their values of r might be too small to be observable by the next generation of polarization experiments. (Other possibilities involve potentials of the form A þ Bφ p with A, B positive. This allows a wider range of values of r; n s consistent with observation, but requires additional d.o.f. to discharge A and reheat, so we leave this possibility aside. The phenomenology of such potentials was recently revisited in Ref. [24] .)
A second phase, also yielding a reduction of r, occurs when higher-derivative operators become important, yielding a variant of k inflation. The cosmological observables in k inflation have been studied extensively in Refs. [16, 25, 26] . The higher derivatives modify both the linear and nonlinear perturbations [16] . From the terms in the action quadratic in fluctuations, one finds that the speed of sound of the scalar perturbations c s is different from unity, so that the tensor-scalar ratio is r ¼ 16c s ϵ, where ϵ is the usual slow-roll parameter. (For small c s , it may be important to consider corrections logarithmic in c s [27] .) The inflationary consistency relation is r ¼ −8c s n T , where n T is the tensor spectral index. In essence, the higher derivatives improve the slow roll in the scalar field equation, without changing the gravitational field equations; this is reflected in the modification of the consistency condition. Meanwhile, terms in the action that are cubic in fluctuations [25, 26] can lead to non-negligible equilateral non-Gaussianities. We will present the results of the numerical investigation of monodromy k inflation to illustrate the tension between small r, a spectral index consistent with observations, and small non-Gaussianities in this framework. This tradeoff is the main observational implication of monodromy in this regime.
We will take inflation to be potential driven, as required by the combination of slow roll and the null energy condition. We consider the case in which the potential has a wide, smooth regime of variation towards the minimum instead of a sharply ending plateau. Furthermore, we focus on the regime in which higherderivative terms dominate over the quadratic ones in controlling both the background and the perturbations. Finally, for illustrative purposes, we consider the specific kinetic energy function K ¼ ZX þZ½ð16π 2 X 2 Þ=M 4 . In strong coupling, the zero modes satisfy 16π 2 X=M 4 ≳1 and 16π 2 V eff =M 4 ≳ 1. We switch back to V eff as opposed to V eff for convenience. The background field equations are
There are a number of possible histories depending on how the derivative terms evolve relative to the potential. We will explore this in detail and summarize the results here. If the derivatives decay faster than the potential, higher-derivative inflation turns over to inflation with quadratic kinetic terms after some number of e folds controlled by m. If the derivatives decay more slowly than the potential or grow, higher-derivative inflation can continue on all the way to the boundary of strong coupling. At this point 16π 2 X=M 4 > 1, but 16π 2 V eff =M 4 ¼ 1, and the slow-roll conditions will be violated. If m is too large, after the transition to weak coupling, the potential will be unable to support any slow roll, and inflation will end. For smaller m, after the transition to weak coupling, the dynamics will dissipate the derivatives, and slow-roll inflation with a quadratic potential can restart. Inflation therefore can have at least two stages: a strongly coupled slow roll with large derivatives, and a short weakly coupled stage with small derivatives (whose duration may be so short as to be negligible, depending on m). The weakly coupled regime must be shorter than 50 e folds in order to allow strong coupling effects to flatten the potential and reduce r to meet
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without increasing n s relative to weakly coupled inflation, which allows a theory consistent with observations. However, nonlinearities induced by higher derivatives yield non-Gaussianities; this in turn again yields a lower bound on r in this regime.
We consider the effective theory for the inflaton as in Ref. [28] , neglecting the mixing with gravity. This is a good approximation for energies E ≫ ffiffi ffi ϵ p H and c 2 s ≫ ϵ, and it yields an almost scale-invariant spectrum of fluctuations with small non-Gaussianities, as observations require. In this limit, working in the gauge where the spatial metric is unperturbed and flat, the field perturbation π is defined by φðt; ⃗ xÞ ¼ φ 0 ½t þ πðt; ⃗ xÞ; the spatial curvature perturbation is R ¼ −Hπ. Expanding Eq. (3) up to third order, and keeping only the terms lowest in derivatives, we get
In terms of the EFT of monodromy (3), the speed of sound is c
X KÞ, and c 3 ð1=c 
In this regime, the higher-derivative terms are important both for perturbations and for the background evolution.
Note that our class of monodromy EFTs coupled to gravity can remain valid even when the Goldstone theory (8) breaks down. This could happen when ϵ=c 2 s is large, or when the cutoff ΛðtÞ of the action (8) drops below the fundamental cutoff M and even below f π for small c s . The former requires the inclusion of graviton modes; the latter requires that (8) should be UV-completed by our EFTs for energies Λ < E < M. Nonetheless, (8) remains valid for c s down to ∼ϵ 1=2 , and for energy scales ω < ΛðtÞ. As long as H=ΛðtÞ ≃ f½3=ð16π 2 ϵc 5 s ÞðH=m Pl Þ 2 g 1=4 < 1, Eq. (8) can be invoked to describe the horizon crossing of perturbations, allowing (8) to c s ≳ few × 10 −2 . A more detailed treatment is required to fully describe the generation of fluctuations. The concerns about strong coupling for Eq. (8) when Λ < f π [27] are addressed for us by the full covariant EFT of monodromy, which is valid and under control all the way to the real cutoff M, with f π < M.
The leading non-Gaussianities come from the three-point function. There are two operators in Eq. (8) which source them, leading to three-point functions of the form
where
Here F 1 and F 2 are induced by _ πð∂πÞ 2 and _ π 3 , respectively [23, 26, 29] .
In our simple example, c 3 ¼ 0. More generally, while c 3 will be of order 1=c plane [30] , similarly to the models of Refs. [31] [32] [33] .
Current observations may already cut into the space of our strongly coupled EFTs. If we use c 
NL ≲ 50 implies c s ≳ 0.07 [23] . However, for so small c s , the perturbative description of fluctuations using Eq. (8) may be unreliable; yet the full theory may be valid, since X ≲ M 4 . Thus, a more complete understanding of the perturbations in this regime is needed, and our full theory provides a good starting point for developing it. In Figs. 1 and 2 we present the predictions for the observables r, n s , and f NL , for generic power-law potentials in the regimes where Eq. (8) holds. We stress that the precise form of the potential and higher-derivative operators depends on the details of the UV completion. From a bottom-up point of view, we would use data to determine whether our EFT is realized, and given this class of theories, to identify the dominant operators during inflation.
In summary, we have shown that strong coupling dynamics of flux monodromy based on massive 3-form gauge theories naturally leads to flattened potentials at large field values, which are perturbatively and nonperturbatively
